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On the pion electroproduction amplitude
E. Truhl´ık∗
Institute of Nuclear Physics, Academy of Sciences of the Czech Republic, CZ–250 68 Rˇezˇ n. Prague, Czechia
We analyze amplitudes for the pion electroproduction on proton derived from Lagrangians based on
the local chiral SU(2) × SU(2) symmetries. We show that such amplitudes do contain information
on the nucleon weak axial form factor FA in both soft and hard pion regimes. This result invalidates
recent Haberzettl’s claim that the pion electroproduction at threshold cannot be used to extract
any information regarding FA.
PACS number(s): 11.40.Ha, 13.10.+q, 12.39.Fe, 25.30.-c
I. INTRODUCTION
The low energy theorems for the pion production by an external electroweak interaction were formulated after the
development of the current algebra and PCAC [1], [2]. According to them, the amplitudeMnjλ (q, k) for the production
of a soft pion πn(q) off the nucleon by a vector–isovector current Jjλ(k)
Jˆ
j
λ(k) + N(p) −→ π
n(q) + N(p ′) , (1.1)
given by the matrix element
M
nj
λ (q, k) =
〈
N(p ′)πn(q) |Jˆjλ(0)|N(p)
〉
, (1.2)
is written as
fpiM
nj
λ (q, k)
q→ 0
−→ iqµ
〈
p ′|
∫
d4ye−iqy T
(
Jˆn5µ(y) Jˆ
j
λ(0)
)
|p
〉
+ εnjm
〈
p ′|Jˆm5λ(0)|p
〉
. (1.3)
Here the matrix element of the nucleon weak axial current is [3]
〈
p ′|Jˆm5λ(0)|p
〉
= iu¯(p ′)
[
gAFA(q
2
1)γλγ5 − 2igfpi∆
pi
F (q
2
1)q1λγ5
] τm
2
u(p) , (1.4)
q1 = p
′ − p = k − q and gA = 1.267.
Starting from Eq.(1.3), a ”master formula” for the amplitude Mnjλ (q, k) can be derived [4]. For this purpose, the
contribution to the divergence due to the coupling of the axial current to the external nucleon lines (Fig. 1a and 1b)
can be extracted from the current–current amplitudes. The resulting equation is
fpiM
nj
λ (q, k) =
gfpi
2M
u¯(p ′)
[
6 qτnSF (P )Jˆ
j
λ(k) + Jˆ
j
λ(k)SF (Q) 6 qτ
n
]
u(p)
+εnjmiu¯(p ′)
[
gAFA(q
2
1)γλγ5 − 2igfpi∆
pi
F (q
2
1)q1λγ5
] τm
2
u(p) . (1.5)
∗Email address: truhlik@ujf.cas.cz
1
The vector–isovector current Jˆjλ(k) is defined as
Jˆ
j
λ(k) = i
[
FV1 (k)γλ −
κV
2M
FV2 (k)σληkη
]
τ j
2
. (1.6)
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Fig. 1. The current–current amplitudes contributing to the first term on the right hand side of Eq.(1.3). Graphs a,b – the
nucleon terms; graph c – the contact terms of the B = pi or a1 range.
It is clear that besides the nucleon Born terms, the soft pion amplitude Eq. (1.5) contains the Kroll–Ruderman
(contact) term including the nucleon weak axial form factor, and almost the pion pole production term, which is
expected to contribute for both the pion photo– and electroproduction. To have this term present, Adler [4] changed
by hand q1 → q1− q in the induced pseudoscalar term [the last term on the right hand side of Eq. (1.5)], thus adding
an O(q) piece. It was shown [5] that the evaluation of the contribution to the divergence of the current–current
amplitudes using the current algebra and PCAC due to the process of Fig. 1c with B = π yields two pieces [6]: one is
exactly the pion pole production term and the other one cancels the induced pseudoscalar term. Then the soft pion
production amplitude corresponds to Fig. 2 and it is
M
nj
λ (q, k) =
g
2M
u¯(p ′)
[
6 qτnSF (P )Jˆ
j
λ(k) + Jˆ
j
λ(k)SF (Q) 6 qτ
n
]
u(p)
+
(k − 2q)λ
(k − q)2 +m2pi
Fpi(k
2) εnjm g u¯(p ′) γ5τ
m u(p)
+ i
gA
2fpi
FA[(k − q)
2] εnjm u¯(p ′) γλγ5τ
m u(p) . (1.7)
The q dependence in the form factor FA[(k − q)
2] can be neglected.
Elimination of the induced pseudoscalar term from the pion electroproduction amplitude and the restoration of the
pion pole production term was discussed also in Ref. [7] and Ref. [8]. Nevertheless, the amplitude with the induced
pseudoscalar term was applied to extract the axial and pseudoscalar form factors from the pion electroproduction at
threshold in Ref. [9]. The same flaw is present also in the earlier study of the pion electroproduction amplitude [10].
Low energy theorems for the amplitude Mnjλ (q, k) were derived [1], [2], [5], [11] using the current conservation and
PCAC. These theorems have found copious applications (see Refs. [12]– [15] and references therein).
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Fig. 2. The soft pion production amplitude according to Eq.(1.7). Graphs a,b – the nucleon Born terms; graph c – the pion
pole term; graph d – the Kroll–Ruderman term.
The relevance of the nucleon weak axial form factor to the pion electroproduction off the nucleon has been revisited
recently by Haberzettl [12]. The pion production amplitude [16], [17] was rederived [12] using an analogue of Eq. (1.3)
valid beyond the soft pion limit. Neglecting possible Schwinger terms, the amplitude is
M
nj
λ (q, k) =
q2 +m2pi
fpim2pi
[
iqµ
〈
p ′|
∫
d4y e−iqy T
(
Jˆn5µ(y)Jˆ
j
λ(0)
)
|p
〉
+ εnjm
〈
p ′|Jˆm5λ(0)|p
〉]
. (1.8)
The current–current amplitudes were constructed [12] by inserting photon lines in all possible places in the nucleon
weak axial current graph of Fig. 1. After calculating the divergence of the current–current amplitudes, the author [12]
obtained Eq. (19), which differs from our Eq. (1.8) by reversing the left- and right hand sides and by an additional
term, u¯(p′)Wλ u(p), accompanying the pion production amplitude in the right hand side of Eq. (19). According to
the discussion [12] after Eq. (20), in order for Eq. (19) to be consistent with Eq. (1.8), this term should vanish,
u¯(p′)Wλ u(p) = 0 . (1.9)
The derivation of Eq.(19) inspired Haberzettl to argue that the entire FA dependence of its left hand side is retained
solely in Wλ on the right hand side, since the pion production amplitude M
nj
λ (q, k) itself does not depend on FA.
Then the conclusion followed [12] that the pion electroproduction processes at threshold cannot be used to extract
any information regarding the nucleon weak axial form factor.
This claim has been criticised [18], [19], but the critics have been promptly refuted [20]. Actually, the only merit of
the criticism made in [18] is that it attracted attention to the problem. Otherwise, the argument that the contribution
3
to the first term on the right hand side of Eq. (1.3) in the soft pion limit is only from the diagrams 1a and 1b, is
incorrect. The point is that if one of the currents is axial, then it can couple to the pion or a1 meson lines which
emerge from the vertex (vector current—B–boson), and also by a direct contact to this vertex. The processes due to
the pion emission contribute to the B–pole current–current amplitude by a portion
∆T pi,njµλ (B) = ifpiqµ∆
pi
F (q
2)∆Mnjλ (B) , (1.10)
while the divergence of the current–current amplitudes due to the other two processes yields
iqµ∆T
c, nj
µλ (B) = fpi∆M
nj
λ (B) + C
nj
λ (B) , (1.11)
where ∆Mnjλ (B) is the associated pion production amplitude and a term C
nj
λ (B) appears, since the chiral group is
non–Abelian. Then the sum of the two contributions to the divergence of the B–pole current–current amplitude in
(1.3) is
iqµ[ ∆T
pi,nj
µλ (B) + ∆T
c, nj
µλ (B) ] = fpi∆M
nj
λ (B) + C
nj
λ (B) , (1.12)
and a new contribution to the pion production amplitude by the vector–isovector current appears even in the soft
pion limit. As we have already discussed above for the case B = π and as we shall see later also for B = a1, this
picture is valid, indeed.
In our opinion, Guichon’s argument against the applied formalism is also irrelevant. It is true that the formalism
developed in [12] for the treatment of the interaction of the axial and vector currents is not standard, but it is formally
correct.
After making our own study of the problem reported here and comparing it with the earlier results [12], we came
to the conclusion that the problem is not in the formalism, but is rather with a misinterpretation of the results by
Haberzettl [12].
We shall first study the structure of the pion electroproduction amplitude derived from chiral Lagrangians based on
the local chiral symmetry SU(2)× SU(2) [3], [21], [22], [23]. These models have recently been used [26] to construct
the one–boson axial exchange currents for the Bethe–Salpeter equation and the transition amplitude for the radiative
muon capture by proton [3]. For the chiral Lagrangians [3], [23], we shall derive the pion electroproduction amplitude
in the same way as it was done in [12]: we shall construct the current–current amplitudes and then we shall calculate
the divergence. It will become clear that this way of constructing the pion production amplitude cannot change
its content. Once the amplitude is built independently within the same concept (which is the case of the method
developed in [12], [16], [17] and in our approach, too), then to calculate it using the divergence of the current–current
amplitudes is a mere exercise in calculating the diagrams, since one should get the identity. Our chiral models
provide the contact term of the pion production amplitude with the nucleon weak axial form factor FA(k
2) in the
soft pion limit, as it should be, since the chiral invariance restricts them in such a way that they reproduce in the
tree approximation predictions of the current algebra and PCAC. On the other hand, the method of Refs. [12], [16]
and [17], avoiding chiral invariance and based on the gauge invariance only, can produce in the pion electroproduction
amplitude the contact term retaining in the soft pion limit only the form factor FV1 (k
2) .
Our pion production amplitude is valid for both soft and hard pions. We use first a minimal Lagrangian [21], built
in terms of the Yang–Mills gauge fields, for the direct construction of the pion electroproduction amplitude. For
the Lagrangian [23] reflecting the hidden local SU(2) × SU(2) symmetry [24], [25], we first construct the current–
current amplitudes and then we calculate the divergence. We show that besides the amplitudes of Fig. 1a and 1b both
exchanges, π and a1, contribute to the amplitude of Fig. 1. As a result, we obtain the pion production amplitude of
our model minus the last term on the right hand side of Eq. (1.3), as it should be, if the calculations are consistent.
On the other hand, the divergence of the pion pole current–current amplitude provides the standard pion pole
production amplitude and the divergence of the a1 meson pole current–current amplitude produces the new contact
term containing again the nucleon weak axial form factor FA(k
2) and other terms of the order at least O(q) in the
soft pion limit.
In sect. II, we introduce the necessary formalism, in sect. III we construct the pion production amplitude. Our results
and conclusions are summarized in sect. IV.
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II. FORMALISM
Direct construction of the amplitude Mnjλ (q, k) will be carried out using the minimal Lagrangian [21], [22]. Here we
write only the necessary vertices
∆LYMNpiρ a1 = −N¯γµ∂µN −MN¯N − i
g
2M
N¯ 6 ∂(~Π · ~τ )γ5N + igρ
gA
2fpi
N¯γµγ5(~τ · ~ρµ × ~Π)N
−igAgρN¯γµγ5(~τ · ~aµ)N − i
gρ
2
N¯(γµ~ρµ − i
κV
4M
σµν~ρµν) · ~τN
+gρ~ρµ · ~Π× ∂µ~Π−
1
fpi
(~ρµν · ~aµ × ∂ν~Π+
1
4
~ρµν · ~Π× ~aµν) , (2.1)
where
~ρµν = ∂µ~ρν − ∂ν~ρµ . (2.2)
From the associated one–body currents we present only the vector–isovector current
J
j
YM,λ = −
m2ρ
gρ
ρ
j
λ . (2.3)
We use the Lagrangian model [3], [23] reflecting the hidden local symmetry to derive the amplitude Mnjλ (q, k) em-
ploying Eq. (1.8). It reads in the needed approximation
LHLSNpiρa1 = −N¯γµ∂µN −MN¯N + igN¯γ5(
~Π · ~τ )N − igρ
gA
2fpi
N¯γµγ5(~τ · ~ρµ × ~Π)N
−i
gρg
2
A
fpi
N¯γµ(~τ · ~aµ × ~Π)N − igAgρN¯γµγ5(~τ · ~aµ)N
−i
gρ
2
N¯(γµ~ρµ − i
κV
4M
σµν~ρµν) · ~τN + i
gρgA
4fpi
κV
2M
N¯γ5σµν(~Π · ~ρµν)N
+gρ~ρµ · ~Π× ∂µ~Π− gρ∂ν~ρµ · ~ρµ × ~ρν + gρ(~ρµ × ~aν − ~ρν × ~aµ) · ∂µ~aν
+
1
fpi
(~ρµν · ~aµ × ∂ν ~Π+
1
2
~ρµ · ∂ν ~Π× ~aµν) . (2.4)
The associated one–body currents are
J
j
HLS , λ = −
m2ρ
gρ
ρ
j
λ − 2fpigρ
(
~aλ × ~Π
)j
+O(|~Π|2) , (2.5)
JnHLS ,5µ = −
m2ρ
gρ
anµ + fpi∂µΠ
n − 2fpigρ
(
~ρµ × ~Π
)n
+
1
gρ
[
(
1
2fpi
∂ν ~Π− gρ~aν + e ~Aν)× ~ρµν
]n
. (2.6)
III. PION ELECTROPRODUCTION AMPLITUDE
This section is devoted to the construction of the pion production amplitude starting from the chiral Lagrangians and
currents of the previous section and using the standard Feynman graph technique.
5
A. Pion electroproduction amplitude from the minimal chiral Lagrangian
Generally, the amplitude is graphically presented as in Fig. 2. The Born terms, Fig. 2a and 2b, are of the same form
as the first two terms on the right hand side of Eq. (1.5), only the current Jˆjλ(k) is given [3] by the vector dominance
model,
Jˆ
j
λ(k) = im
2
ρ∆
ρ
λζ(k)(γζ −
κV
2M
σζδkδ)
τ j
2
. (3.1)
Then the Born term is,
M
nj
B, λ =
g
2M
u¯(p ′)
[
6 qτnSF (P )Jˆ
j
λ(k) + Jˆ
j
λ(k)SF (Q) 6 qτ
n
]
u(p) . (3.2)
Also the pion pole production term, Fig. 2c, is of the standard form with the pion form factor provided again by the
vector dominance model
M
nj
pp, λ = m
2
ρ∆
ρ
λζ(k) ( q1ζ − qζ )∆
pi
F (q
2
1)ε
njm gΓm5 (p
′, p) , (3.3)
where
Γm5 (p
′, p) = u¯(p′) γ5τ
m u(p) . (3.4)
However, the contact term, Fig. 2d, deserves more attention. Visually, it is given by two graphs of Fig. 3a and 3b.
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Fig. 3. The contact terms arising from the chiral Lagrangian Eq. (2.1). Graph a corresponds to the fourth term, graph b is
constructed from the last two terms.
The amplitude corresponding to the graph Fig. 3a is
M
nj
c1, λ
= i
gA
2fpi
m2ρ∆
ρ
λζ(k) ε
njm Γm5ζ(p
′, p) → i
gA
2fpi
FV1 (k
2)εnjm Γm5λ(p
′, p) , (3.5)
where
Γm5λ(p
′, p) = u¯(p′) γλγ5τ
m u(p) . (3.6)
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This is the Kroll–Ruderman term in the pion production amplitude, which can be obtained by the minimal substitution
[27]
∂λ −→ ∂λ ± ie F
V
1 Aλ ,
in the pseudovector πNN interaction [the 3rd term on the right hand side of Eq. (2.1)]. Let us now present the contact
term, Fig. 3b, arising from the last two vertices of Eq. (2.1)
M
nj
c2, λ
= i
gA
fpi
εnjmm2ρ[ kν ∆
ρ
λη(k) − kη ∆
ρ
λν(k) ] ( qν +
1
2
q1 ν )∆
a1
ηζ(q1) Γ
m
5ζ(p
′, p) . (3.7)
This amplitude is transverse by itself. Taking into account that q1 = k − q, we can write
M
nj
c2, λ
= i
gA
2fpi
m2ρ∆
ρ
F (k
2)∆a1F (k
2) k2 εnjm Γm5λ(p
′, p) + ∆Mnjc2 ,λ , (3.8)
where in the soft pion limit
∆Mnjc2, λ = O(q, k
2) . (3.9)
Summing up the amplitudes given in Eq. (3.5) and (3.8), we get the total contact term Mnjc ,λ of this model in the soft
pion limit
M
nj
c, λ = i
gA
2fpi
FA(k
2)εnjm Γm5λ(p
′, p) + O(q, k2) . (3.10)
In deriving Eqs. (3.5)–(3.10), we used the Weinberg relation m2a1 = 2m
2
ρ [28] and the vector dominance model form
of the form factors FV1 (k
2) and FA(k
2) which is incorporated in the model Lagrangian Eq. (2.1).
The contact term, Eq. (3.10), coincides in form with the last term of the soft pion amplitude Eq. (1.7). Let us
stress that the nucleon weak axial form factor FA(k
2) appears in the contact term in order to satisfy the local chiral
invariance.
The gauge condition for the pion electroproduction amplitude of this model, given by Eqs. (3.2)–(3.7), is in agreement
with the Ward–Takahashi relation [29]
kλ
[
M
nj
B, λ +M
nj
pp, λ +M
nj
c1, λ
+Mnjc2, λ
]
= −
m2pi + q
2
m2pi + q
2
1
εnjm gΓm5 (p
′, p) . (3.11)
B. Pion electroproduction amplitude from the hidden local symmetry Lagrangian
In this section, the pion electroproduction amplitude will be obtained via Eq. (1.8), and for constructing the current–
current amplitudes we use the chiral Lagrangian, Eq. (2.4), and the associated currents, Eq. (2.5) and (2.6). This
formalism has been employed in [3] for the derivation of the current–current amplitudes for the radiative muon
capture by protons. Those amplitudes and the ones we need to calculate here are related by time reversal. The
minimal amplitudes, direct analogues of the current–current amplitudes of Fig. 3 of Ref. [12], were derived for the
radiative muon capture [30] almost 40 years ago and they were used directly in [31], [32] for calculating the transition
rate of the reaction
µ + p −→ n + νµ + γ . (3.12)
The case of the pion electroproduction is simpler, since only the vector– and the axial–isovector currents contribute.
7
1. Nucleon Born terms
Let us start with the nucleon Born terms. According to our Lagrangian Eq. (2.4), we use the chiral model with the
pseudoscalar πNN coupling and besides the graphs Fig. 4a and 4b, the contact term Fig. 4c should be calculated.
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Fig. 4. The nucleon Born current–current terms given by the Lagrangian Eq. (2.4) and the currents Eq. (2.5) and (2.6).
There are three nucleon Born current–current amplitudes
T
B,nj
µλ (1) = −u¯(p
′)[ Jˆn5µ(q)SF (Q)Jˆ
j
λ(k) + Jˆ
j
λ(k)SF (P )Jˆ
n
5µ(q) ]u(p) (3.13)
T
B,nj
µλ (2) = −
gA
2
qµ∆
pi
F (q
2)m2ρ∆
ρ
λζ(k)ε
njm Γm5ζ(p
′, p)
≡ ifpiqµ∆
pi
F (q
2)MnjB, λ(2) , (3.14)
T
B,nj
µλ (3) = i
gA
2
qµ∆
pi
F (q
2)
κV
2M
m2ρ∆
ρ
λη(k)kζδj nu¯(p
′)γ5 σζηu(p)
≡ ifpiqµ∆
pi
F (q
2)MnjB, λ(3) . (3.15)
The contribution of the induced pseudoscalar part of the axial current Jˆn5µ(q) to the amplitude T
B,nj
µλ (1) is
T
B,nj
µλ (π, 1) = fpi u¯(p
′)[ gγ5 τ
nSF (Q)Jˆ
j
λ(k) + Jˆ
j
λ(k)SF (P )gγ5 τ
n ]u(p)
≡ ifpiqµ∆
pi
F (q
2)MnjB,λ(1) . (3.16)
Calculation of the divergence of the amplitude TB,njµλ (1), Eq. (3.13), yields
iqµT
B,nj
µλ (1) = fpim
2
pi∆
pi
F (q
2)MnjB,λ(1) + fpi
3∑
i=2
M
nj
B, λ(i) . (3.17)
Then it follows from Eqs. (3.14), (3.15) and (3.17) that
iqµ
3∑
i=1
T
B,nj
µλ (i) = fpim
2
pi∆
pi
F (q
2)
3∑
i=1
M
nj
B, λ(i) ≡ fpim
2
pi∆
pi
F (q
2)MnjB, λ , (3.18)
8
where MnjB, λ is the nucleon Born pion electroproduction amplitude for the pseudovector πNN coupling, Eq. (3.2).
The amplitudes MnjB, λ(2) and M
nj
B,λ(3) ensure the PCAC constraint.
2. Pion pole terms
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Fig. 5. The pion pole current–current amplitudes given by the Lagrangian Eq. (2.4) and the currents Eq. (2.5) and (2.6).
The current–current amplitudes due to the pion exchange in Fig. 1c are presented in Figs. 5a–5d. They are
T
pp, nj
µλ (a) = ifpiqµ∆
pi
F (q
2)m2ρ∆
ρ
ηλ(k) (q1η − qη)∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p)
≡ ifpiqµ∆
pi
F (q
2)Mnjpp, λ , (3.19)
T
pp, nj
µλ (b) = 2ifpim
2
ρ∆
a1
µη(q)∆
ρ
F (k
2)( q1 · k δηλ − kηq1λ )∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p)
+ ifpim
2
ρ∆
a1
F (q
2)∆ρηλ(k)( q · q1 δηµ − qηq1µ )∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p) , (3.20)
T
pp, nj
µλ (c) = −2ifpim
2
ρ∆
a1
µλ(q)∆
pi
F (q
2
1)) ε
njm gΓm5 (p
′, p) , (3.21)
T
pp, nj
µλ (d) = 2ifpim
2
ρ∆
ρ
µλ(k)∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p)
+ifpi∆
ρ
F (k
2)( kµq1λ − q1 · k δµλ )∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p) . (3.22)
The process of Fig. 5a is the only one, where the axial current is attached to the pion emitted from the vertex (vector
current—B–boson). The associated pion production amplitude Mnjpp, λ is given by the same graph without the axial
current wavy line.
Let us first calculate the divergence of the amplitudes Eqs. (3.20)–(3.22). It is easy to find that the divergence of the
first part of the amplitude Eq. (3.20) and of the second part of the amplitude Eq. (3.22) cancel. The rest provides
iqµ
∑
x=b,c,d
T
pp, nj
µλ (x) = fpiM
nj
pp, λ − fpiq1 λ∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p) , (3.23)
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whereMnjpp, λ is the pion pole production amplitude defined in Eq. (3.19), and it coincides with the amplitude Eq. (3.3)
of the section IIIA. Let us note that Eq. (3.23) is a particular form of the general result given in Eq.(1.11).
Then the divergence of the pion pole current–current amplitudes Eqs. (3.19)–(3.22) is
iqµ
∑
x=a,b,c,d
T
pp, nj
µλ (x) = fpim
2
pi∆
pi
F (q
2)Mnjpp, λ − fpiq1λ∆
pi
F (q
2
1) ε
njm gΓm5 (p
′, p) . (3.24)
Using this result and Eq. (1.4) for the matrix element of the nucleon weak axial current, we immediately see from
Eq. (1.8) that the induced pseudoscalar disappears from the pion electroproduction amplitude and the pion pole
production amplitude Mnjpp, λ, Eq. (3.3), appears instead, as already discussed above. Evidently, this statement is
independent of the pion being soft or hard.
3. a1 meson pole terms
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Fig. 6. The a1 meson pole current–current amplitudes given by the Lagrangian Eq. (2.4) and the currents Eq. (2.5) and
(2.6).
The contributions to the current–current amplitude from the a1 meson pole term, Fig. 1c, are given in Figs. 6a–6d.
They have the form
T
a1p, nj
µλ (a) = gAm
2
ρ qµ∆
pi
F (q
2)
{
∆a1νζ(q1)∆
ρ
F (k
2) [ (k · q)δνλ − kνqλ ]
+
1
2
∆ρνλ(k)∆
a1
F (q
2
1) [ (q · q1)δζν − qζq1η ]
}
εnjm Γm5ζ(p
′, p)
≡ ifpi qµ∆
pi
F (q
2)Mnja1p, λ(a) , (3.25)
T
a1p, nj
µλ (b) = −gAm
2
ρ qµ∆
pi
F (q
2)∆a1λζ(q1) ε
njm Γm5ζ(p
′, p)
≡ ifpi qµ∆
pi
F (q
2)Mnja1p, λ(b) , (3.26)
T
a1p, nj
µλ (c) = gAm
4
ρ∆
ρ
λη(k) [ (q1η − qη)∆
a1
µν(q)∆
a1
νζ(q1) + qν∆
a1
µη(q)∆
a1
νζ(q1)
10
− q1ν∆
a1
µν(q)∆
a1
ζη(q1) ] ε
njm Γm5ζ(p
′, p) , (3.27)
T
a1p, nj
µλ (d) = gAm
2
ρ∆
ρ
F (k
2) [ kηδµλ − kµδλη ]∆
a1
ηζ(q1) ε
njm Γm5ζ(p
′, p) . (3.28)
The two processes, Fig. 6a and 6b, contribute to the pion production amplitude providing the terms Mnja1p, λ(a) and
M
nj
a1p, λ
(b), which are given in Eq. (3.25) and (3.26), respectively.
Let us calculate the divergence of the sum of the amplitudes Eq. (3.27) and (3.28). The result is
iqµ
∑
x=c,d
T
a1p, nj
µλ (x) = fpi
∑
x=a,b
M
nj
a1p, λ
(x) − igAm
2
ρ∆
a1
λζ(q1) ε
njm Γm5ζ(p
′, p) . (3.29)
Then it is clear that the divergence of the sum of all the a1 meson pole current–current amplitudes, given by Eqs. (3.25)–
(3.28), is
iqµ
∑
x=a,b,c,d
T
a1p, nj
µλ (x) = fpim
2
pi∆
pi
F (q
2)
∑
x=a,b
M
nj
a1p, λ
(x)− igAm
2
ρ∆
a1
λζ(q1) ε
njm Γm5ζ(p
′, p) . (3.30)
Substituting this result into Eq. (1.8) we find that the first term in the matrix element of the axial current, Eq. (1.4),
is cancelled. However, it does not mean that the dependence of the pion electroproduction amplitude on the nucleon
weak axial form factor is eliminated. This will become clear in the next section, where we present the resulting pion
production amplitude.
4. Resulting pion electroproduction amplitude
Now we present the pion electroproduction amplitude obtained in Sects. III B 1–IIIB 3 from the Lagrangian model
Eq. (2.4). For this purpose, we insert the results for the divergence of the current–current amplitudes, Eqs. (3.18),(3.24)
and (3.30), into Eq. (1.8). The resulting pion electroproduction amplitude is
M
nj
λ (q, k) = M
nj
B,λ + M
nj
pp, λ +
∑
x=a,b
M
nj
a1p, λ
(x) . (3.31)
It is clear that the matrix element of the axial current is cancelled. The amplitudes MnjB, λ and M
nj
pp, λ are the well–
known nucleon Born and pion pole terms, respectively. So only the contribution of the a1 meson pole to the divergence
of the current–current amplitudes remains to be considered. Let us write the last two terms on the right hand side of
Eq. (3.31) explicitly. From the definitions in Eq. (3.25) and (3.26) we have
M
nj
a1p, λ
(a) = i
gA
2fpi
m2a1
{
∆a1νζ(q1)∆
ρ
F (k
2) [ kνqλ − (k · q)δνλ ]
+
1
2
∆ρνλ(k)∆
a1
F (q
2
1) [ qζq1η − (q · q1)δζν ]
}
εnjm Γm5ζ(p
′, p) , (3.32)
M
nj
a1p, λ
(b) = i
gA
2fpi
m2a1 ∆
a1
λζ(q1) ε
njm Γm5ζ(p
′, p) . (3.33)
In the soft pion limit, the amplitude Mnja1p, λ(a) ∼ O(kq), while the amplitude M
nj
a1p, λ
(b) restores the contact term
retaining the nucleon weak axial form factor FA. For its construction, the presence of the contact current [the second
term on the right hand side of Eq. (2.5)] is decisive. So this model is also consistent with predictions of the current
algebra and PCAC.
Let us emphasize that the amplitude Mnjλ (q, k), Eq. (3.31), satisfies the gauge condition, expressed in Eq. (3.11).
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Of course, the amplitude Mnjλ (q, k) obtained from the Lagrangian Eq. (2.4) directly, does coincide with the one
obtained from Eq. (3.31). However, the construction of this section allows us to see how the pion and a1 meson poles
contribute to the divergence of the current–current amplitudes.
IV. DISCUSSION AND SUMMARY
We have studied the structure of the pion electroproduction amplitude obtained from the Lagrangians incorporating
the local chiral symmetry. From the minimal Lagrangian Eq. (2.1), constructed in terms of the Yang–Mills heavy
meson fields, and using the current Eq. (2.3), we obtained the pion production amplitude directly. Actually, the
model provides two contact terms. One of them is prescribed by the gauge invariance and it contains the form factor
FV1 . Another one is due to the gauge chiral invariance. This term is transverse by itself. Combining these contact
terms results in another contact term containing the nucleon weak axial form factor and a piece of the order O(qk2)
in the soft pion limit.
The Lagrangian Eq. (2.4), reflecting the hidden local symmetry, helped us to construct the current–current amplitudes
of Fig. 1. Subsequent calculation of the divergence of these amplitudes and the use of Eq. (1.8) led us to observe that
the pion and a1 exchanges in Fig. 1c do contribute non–negligibly even in the soft pion limit. The contribution proceeds
in such a way that the matrix element of the axial current [the second term on the right hand side of Eq. (1.8)] is
eliminated and the pion pole and a1 pole pion production terms appear. Moreover, one of the a1 pole pion production
amplitudes is nothing but the Kroll–Ruderman term containing again the nucleon weak axial form factor FA(k
2) in
the soft pion limit. It was noted many years ago in [4] that this contact term originated from the a1 meson exchange.
It is to be noted that the derivation of the pion production amplitude via Eq.(1.8) does not supply any additional
dynamical input that is not already present in the considered model and we get the pion production amplitude
Eq. (3.31), which is the same as the one obtained from the Lagrangian Eq. (2.4) by the direct construction.
It follows from our results that the pion electroproduction amplitude does not contain the induced pseudoscalar part
of the nucleon weak axial current either for soft or hard pions, which is at variance with [18]. It also means that the
measurement of this quantity [9] is a misconception.
Let us now compare our results with those of Ref. [12]. In this paper, the formalism of the vector current–axial
current interaction is formulated in such a way that the divergence of the current–current amplitudes, where the axial
current is attached to the pion line, provides the whole pion production amplitude. As discussed [12] in connection
with Eq. (19) for the pion electroproduction amplitude, Eq. (1.9) should hold. It was checked [12] that Eq. (1.9) is
satisfied for the nucleon without the electroweak structure. Actually, Eq. (1.9) conforms to what we have got, with
the difference that in our model, one observes explicitly the validity of an analogous condition [to the end, the right
hand side of our Eq. (1.8) contains only the pion production amplitude] also for the nucleons having the electroweak
structure. In order to get sensible results beyond the soft pion limit, the same condition should hold also in the
approach [12]. Otherwise, the pion production amplitude, derived directly, would differ from the one obtained via
the current–current amplitudes. This would be a dubious result, since it would not be clear, which amplitude is
correct. In our opinion, absence of a transparent proof of Eq. (1.9) [12] for the nucleons with the electroweak structure
makes the whole Haberzettl’s calculation doubtful. Let us note that such a proof can be done only if this structure is
introduced not phenomenologically, but at a microscopic level. This is achieved here within the concept of the hidden
local symmetry and respecting the local chiral SU(2)R × SU(2)L invariance.
Moreover, it is not true that the right hand side of Eq. (19) [12] depends on FA only via Wλ, as stated in the
paragraph after Eq. (21). In other words, fulfilling Eq. (1.9) does not mean the elimination of the dependence of the
pion electroproduction amplitude on FA. The point is that it is the dynamical content of the model, which dictates
the form factor of the Kroll–Ruderman term. As we have seen in our study, if the model respects the local chiral
symmetry, then this form factor is FA(k
2) in the soft pion limit, as it should be, in order to be in accord with the
current algebra and PCAC. Actually, this result should be valid for any model possessing the local chiral symmetry.
On the other hand, models, respecting the gauge invariance only, will provide the Kroll-Ruderman term retaining
the form factor FV1 (k
2). So the claim [12] that the pion electroproduction processes at threshold cannot be used to
extract any information regarding the nucleon weak axial form factor should be considered as precipitous.
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On the contrary, the measurement of the nucleon weak axial form factor FA(k
2) in the electroproduction of charged
pions on the proton at threshold makes a good sense. In the recent measurement [33] of this form factor by the
p(e, e′ π+)n reaction, the pion electroproduction amplitude Eq. (1.7) with the added ∆ excitation terms was used
to analyse the data. The value MA = (1.077 ± 0.039)GeV was found for the axial mass entering FA(k
2), which is
consistent with the value of MA known from neutrino scattering experiments.
Let us note that the study of the electroproduction of charged pions on the proton at threshold can also provide the
information on the pion charge radius [15], [34], [35].
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